The thermal stability and electrical properties of W 2 N/Ta 2 O 5 /Si metal oxide semiconductor ͑MOS͒ capacitors upon post-metal annealing in H 2 or N 2 ϩ H 2 ambient at 400-600°C for 30 min are investigated. After annealing at 400-500°C, the W 2 N gate remains intact but, due to loss of nitrogen, partly transforms to WO 3 after annealing at 600°C. The partial oxidation of W 2 N is more noticeable when annealing in H 2 ambient than in N 2 ϩ H 2 , and also induces greatly increased resistivity. However, the capacitance-voltage ͑C-V͒ curves of the W 2 N/Ta 2 O 5 /Si MOS capacitors are similar before and after post-metal annealing. C-V hysteresis measurements showed that charges within the Ta 2 O 5 layer of the as-fabricated MOS structure are positive, and the density is 4.94 ϫ 10 12 cm
Poly-Si/SiO 2 stacks have been utilized as the gate structure of metal oxide semiconductor field effect transistors ͑MOSFETs͒ for decades. The high direct tunneling currents and boron penetration preclude the use of SiO 2 as gate dielectrics when its thickness decreases to below 2 nm in the sub-100 nm generation. To solve this problem, high dielectric constant ͑high k͒ materials are employed as gate oxides. At the same capacitance, high k materials have a greater physical thickness to prevent direct tunneling currents. Among the high k materials, tantalum pentoxide ( Ta 2 O 5 ) 1,2 has been widely investigated as the capacitance film in dynamic random access memories. 3, 4 Accompanied by the exploration of high k gate oxides, researchers also attempted to find new materials for gate electrodes. The key parameters for new gate electrode materials included work function, resistivity, and compatibility with the existing semiconductor processes. Metals and metal alloys are attractive candidates for alternate gate electrode materials because, unlike poly-Si, they do not suffer from the depletion effect. Therefore, a metal ͑or metal nitride͒/high k oxide stack is an interesting structure for gate application.
The electrical properties of W, 5 12 have been investigated for gate electrode applications in MOS systems. WN x is considered as a promising gate electrode because of its high melting point and low electrical resistivity ͑Ͻ1000 ⍀-cm for thin films͒. Comparable studies on WN x and TiN electrodes for Ta 2 O 5 gate oxides demonstrated that after post-metal annealing, the WN x gate electrode exhibited lower leakage current than the TiN gate electrode due to the incorporation of nitrogen on the surface of Ta 2 O 5 to form an N-rich zone. 5, 6 Therefore, the depletion of nitrogen in the WN x layer is associated with an increase of nitrogen concentration at the WN x /Ta 2 O 5 interface. 6 The N-rich zone is not seen in the TiN/Ta 2 O 5 system because TiN is too stable to release nitrogen. The authors suggested that the presence of the N-rich layer suppressed the out-diffusion of Ta and O from the Ta 2 O 5 gate oxide so that the leakage current is low. 6 However, the structure of the WN x layer and the thermal stability are not fully explored in the previous reports because the duration of annealing is only 30 s.
In this study, W 2 N and Ta 2 O 5 are chosen as the gate electrode and gate dielectric, respectively. The thermal stability and electrical properties of W 2 N/Ta 2 O 5 /Si MOS capacitors are investigated after prolonged ͑30 min͒ post-metal annealing at 400-600°C, in H 2 or N 2 ϩ H 2 ambient. The resistivity of the W 2 N electrode, phases, and compositional depth profiles of samples after post-metal annealing are investigated. Electrical properties of the MOS capacitors are characterized via capacitance-voltage ͑C-V͒ and current-voltage ͑I-V͒ measurements.
Experimental
The substrate used in this study was an n-type Si͑100͒ wafer with a resistivity of 1-10 ⍀-cm. Prior to Ta 2 O 5 deposition, the silicon wafer was cleaned by a modified RCA clean and then dipped in 1% HF solution for 1 min. After cleaning, the Ta 2 O 5 film was deposited on the Si substrate by reacting pentaethoxytantalum ͓Ta͑OC 2 H 5 ) 5 ] with oxygen. The total chamber pressure was controlled at 1 Torr, and the temperature was set at 450°C. After deposition, the Ta 2 O 5 film was annealed in a quartz tube furnace under flowing dry oxygen at 800°C for 30 min. The thickness of the Ta 2 O 5 films as determined by a spectroscopic ellipsometer was 15 nm.
The W 2 N gate electrode was then deposited on the annealed Ta 2 O 5 layer by reactive magnetron sputtering using a W target ͑2 in. diam, 99.9% purity͒. The base pressure of the chamber was 3 ϫ 10 Ϫ6 Torr and the working pressure was 7 mTorr. The N 2 partial flow rate ͑the ratio of N 2 flow rate to the Ar ϩ N 2 flow rate͒ was 25% and the radio frequency power was 150 W. The target-tosubstrate distance was 10 cm, and the substrate holder was neither cooled nor heated externally, but applied with a negative 100 V dc bias. Detailed characteristics of the reactively sputtered W 2 N film can be found in our previous work. 13 In this study, the circular top W 2 N electrodes, 200 nm thick and 140 m diam, were fabricated by a lift-off process.
After the MOS structure was completed, the post-metal annealing was carried out in a quartz tube furnace at 400-600°C in flowing H 2 ambient with an H 2 flow rate of 100 standard cubic centimeters per minute ͑sccm͒, or in N 2 ϩ H 2 ambient (N 2 flow rate 135 sccm, H 2 flow rate 15 sccm͒ for 30 min to investigate the thermal stability. The phase transformation after post-metal annealing was investigated by glancing incident angle X-ray diffraction ͑GIAXRD͒ with an incident angle of 2°. The resistivity of W 2 N was measured by a four-point probe. Auger electron spectrometry ͑AES͒ was used to characterize the distribution of elements after the post-metal annealing. The MOS capacitors were characterized electrically using a computer-controlled HP 4284 LCR meter for the C-V curves and hysteresis loops, at a frequency of 100 kHz with a small ac signal of 25 mV. The I-V curves were measured by an HP 4140B pA meter/dc voltage source with a staircase ramped voltage stress.
Results and Discussion
The GIAXRD patterns of the samples as fabricated and after annealing in H 2 or N 2 ϩ H 2 atmosphere are shown in Fig. 1 . When the samples were annealed at 400-500°C, the diffraction peaks pertained to ͑111͒, ͑200͒, ͑220͒, and ͑311͒ planes of the W 2 N structure ͑ICDD PDF 25-1257͒. After annealing at 600°C, additional diffraction peaks pertaining to ͑002͒, ͑112͒, (202), ͑222͒, ͑004͒, ͑232͒, and (204) planes of the WO 3 structure ͑ICDD PDF 83-0947͒ were observed. However, the intensities of these peaks were relatively low compared to the W 2 N diffraction peaks. Therefore, the W 2 N gate metal is partly oxidized after annealing at 600°C. Depth profiles of the 600°C annealed W 2 N layer were then examined by AES.
Figures 2a and b show the AES depth profiles of the W 2 N/Ta 2 O 5 /Si samples after annealing at 600°C in H 2 and N 2 ϩ H 2 atmosphere, respectively. After annealing in H 2 ambient, the nitrogen in the W 2 N layer was significantly depleted and half of the W 2 N layer became WO x ͑Fig. 2a͒. Oxidation and nitrogen depletion of W 2 N were also observed upon annealing in N 2 ϩ H 2 ambient, but to a much smaller extent ͑Fig. 2b͒. Thermal oxidation of WN x films has been investigated by Vu et al. 14 In their paper, the authors referred to Goldschmidt 15 and listed the heats of formation for W 2 N and WO 3 as Ϫ17 and Ϫ200 kcal/mol, respectively. Accordingly, the oxidation of W 2 N is thermodynamically favored. In the present study, even though annealing was carried out in reduced ambients, the residual oxygen in the annealing furnace can still oxidize the surface of W 2 N at 600°C. It has also been reported that WN x thin films lose nitrogen and transform to W upon high-temperature annealing. 16, 17 The metallic W is easily oxidized when oxygen is present. However, Fig. 2 indicates that the nitrogen molecules in the N 2 ϩ H 2 ambient prevent the depletion of N atoms from the W 2 N electrode. Consequently, the oxidation of W 2 N becomes less possible because the W atoms are still bound with the N atoms. Figure 3 shows the resistivity of the W 2 N layer before and after annealing in H 2 or N 2 ϩ H 2 atmosphere. For the nonannealed and 400°C annealed samples, the resistivity was less than 700 ⍀-cm.
The resistivity values are 720 ⍀-cm after annealing in H 2 atmosphere at 500°C and 708 ⍀-cm after annealing in N 2 ϩ H 2 atmosphere at 500°C. After annealing at 600°C, the resistivity increased noticeably, especially when annealing in H 2 atmosphere. Therefore, the oxidation of W 2 N at 600°C in H 2 ambient ͑see Fig. 2a͒ increases the resistivity of W 2 N significantly. However, the oxidation of W 2 N in N 2 ϩ H 2 atmosphere at 600°C is less severe so that its resistivity stays at a lower value.
To determine whether the oxidation of W 2 N affects the dielectric characteristics of the W 2 N/Ta 2 O 5 /Si structure, C-V and I-V measurements were carried out. High-frequency ͑100 kHz͒ C-V curves of as-fabricated and annealed W 2 N ͑200 nm͒/ Ta Table I . The ⌬V FB is related to the change of charges in the oxide layer by the following equation
where ⌽ ms is the metal-semiconductor work function difference, C ox is the capacitance of the oxide layer, and ⌬Q is the oxide charge. Table I shows that the post-metal annealing induces a slight positive ⌬V FB ͑р0.1 V͒. The small ⌬V FB indicates that V FB of the annealed MOS samples is comparable to that of the as-fabricated one. 
where C ox is the capacitance of the oxide layer, ⌬V FB,hysteresis is the hysteresis offset of the flatband voltage, q is the electron charge, and A is the capacitor area. Stored negative charges ͑electron charges͒ in the Ta 2 O 5 layer cause a clockwise hysteresis loop, 20, 21 whereas the positive trapping charges near the oxide/Si interface induce a counterclockwise hysteresis loop. 22 The polarity and value of N h for all MOS capacitors are listed in Table I . The hysteresis loop of the as-fabricated MOS is counterclockwise, and the N h value is 4.94 ϫ 10 12 cm
Ϫ2
. Although we had annealed the Ta 2 O 5 layer after deposition ͑at 800°C in O 2 for 30 min͒, substantial positive trapping charges are still present in the Ta 2 O 5 layer of the as-fabricated sample. These charges may be attributed to the plasma damage on Ta 2 O 5 during the sputtering deposition of W 2 N. The hysteresis loop of the sample after annealing at 400°C in H 2 ambient is also counterclockwise, and the N h value of positive trapping charges is 1.13 ϫ 10 12 cm
. After annealing at 500°C in H 2 ambient, the hysteresis loop still corresponds to positive trapping oxide charges, but the N h is lower than 10 12 cm
. After annealing at 600°C in H 2 ambient, the hysteresis loop became clockwise with an offset similar to that of the H 2 /500°C sample. In contrast to the H 2 annealed samples, the MOS capacitors after annealing at N 2 ϩ H 2 ambient showed clockwise hysteresis loops with narrow offsets. Therefore, the corresponding N h values are below 10 12 cm
, and the types of charges stored are negative.
The positive N h charges are analogous to the fixed charges (Q f ) in the SiO 2 /Si system. The change of hysteresis loop direction and its width by annealing implies that the N 2 ϩ H 2 ambient is more effective than the H 2 ambient at eliminating the positive fixed charges. Therefore, the polarity of N h becomes negative right after annealing in N 2 ϩ H 2 at 400°C, but it is not changed after annealing in H 2 until 600°C. This result is consistent with the early study on the annealing processes for reducing the charges of the SiO 2 /Si system. 25 reported that the conduction is limited by electron injection into the SiO 2 from the Si substrate. The probability of electron transport from the conduction band of Si to that of SiO 2 is proportional to the density of interface states with energy levels located at the conduction band offset between SiO 2 and Si. Hickmott 26 reported that two reactions occur at the Si-SiO 2 interface when annealing in hydrogen. One reaction reduces surface states and the other reaction creates them. The H atoms can restore the dangling bonds and decrease defects at the SiO 2 /Si interface. In addition, the presence of H 2 accelerates the formation of SiO at lower temperatures and creates the surface states when Si and SiO 2 are in contact. Optimum annealing depends on the balance between the competing reactions. Schroder 18 also indicated that most of the interface state can be neutralized by hydrogen or forming gas annealing at 450°C. Therefore, the raise of the surface states at the SiO 2 /Si interface, possibly due to the formation of SiO, causes the high positive leakage current to the 400°C annealed samples. Above a 500°C annealing temperature, we attributed the reduction of the leakage current to the decrease of the defects at the SiO 2 /Si interface. In addition, H atoms can restore the dangling bonds and decrease the defects at the SiO 2 /Si interface, so the pure H 2 ambient annealing supplies substantial hydrogen atoms and shows a better effect in decreasing the leakage current at positive bias than in the N 2 ϩ H 2 ambient ͑where N 2 :H 2 ϭ 9:1) annealing.
Under negative bias, the leakage current was not sharply increased, which may be due to the generation of an inversion layer in Si. With negative bias, the electron current flowed from the W 2 N to the Ta 2 O 5 layer. The parallel I-V curves indicate that the W 2 N/Ta 2 O 5 interface is stable upon post-metal annealing, even though the surface of the W 2 N gate may be oxidized to various degrees.
Conclusion
The W 2 N gate electrode of the W 2 N/Ta 2 O 5 /Si MOS capacitor is chemically stable after annealing up to 500°C but becomes partly oxidized followed by an increase in resistivity after annealing at 600°C in H 2 and N 2 ϩ H 2 atmosphere. The oxidation is associated with the loss of nitrogen from W 2 N at high temperature. Consequently, the N 2 ϩ H 2 ambient significantly reduces the degree of oxidation because the nitrogen in the annealing ambient prevents the loss of nitrogen from the W 2 N layer.
However, the degree of oxidation and resistivity change in the W 2 N gate electrode do not affect the major C-V characteristics of the W 2 N/Ta 2 O 5 /Si MOS capacitors. Only the C-V hysteresis loops are changed by the different post-metal annealing ambients, because nitrogen is more effective than hydrogen in reducing the fixed oxide charges within Ta 2 O 5 during annealing. Regarding the I-V characteristics, leakage currents at positive bias are affected by the annealing temperature and ambient, presumably due to the presence of an SiO 2 interlayer and hydrogen passivation of dangling bonds at the dielectric/Si interface. Nevertheless, leakage currents at negative bias are independent of the annealing temperature and ambient, indicating that the W 2 N/Ta 2 O 5 interface is stable upon post-metal annealing. Therefore, W 2 N can serve as an electrically stable gate electrode on Ta 2 O 5 after annealing up to 600°C for 30 min. 
